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SEMICONDUCTOR DEVICE STRUCTURE 
WITH A TAPERED FIELD PLATE AND 

CYLINDRICAL DRIFT REGION GEOMETRY 

This application claims priority from International Appli 
cation PCT/IB2006/050398 ?led on Feb. 7, 2006 titled, 
“Semiconductor Device Structure With a Tapered Field Plate 
and Cylindrical Drift Region Geometry,” of Theodore Letavic 
and John PetruZZello; said International Application claims 
priority to US. Provisional Application No. 60/651,105 ?led 
Feb. 8, 2005 and US. Provisional Application No. 60/737, 
718 ?led Nov. 17, 2005. 

The present invention relates generally to semiconductor 
devices, and more speci?cally relates to a semiconductor 
device structure having a tapered ?eld plate and cylindrical 
drift region geometry. 

Semiconductor structures continue to evolve to meet the 
speci?c needs of targeted applications. One such area Where 
this evolution is occurring involves next generation trench 
MOS (metal oxide semiconductor) devices, Which for 
instance may be used for voltage regulation modules (V RMs) 
of desktop motherboards (e.g., dc-dc conversion point of load 
VRM’s), loW-ohmic automotive applications, medium volt 
age (<150V) SMPS poWer consumption, etc. 
US. Patent Publication US2008/0128743 A1 published 

Jun. 5, 2008 (application Ser. No. 11/629,766) titled, “High 
Voltage Device Structure” of Theodore Letavic and John 
PetruZZello, Which is hereby incorporated by reference, dis 
closes a device structure that is depleted by MOS ?eld plates 
Where the dielectric layer betWeen the semiconductor drift 
region and the ?eld plate has a thickness Which varies linearly 
in the longitudinal direction. The structure can be vieWed as 
stripes of semiconductor and dielectric ?eld plate structures 
Which are built into the depth of a semiconductor Wafer. The 
semiconductor drift region has a constant doping pro?le and 
the dielectric layer thickness is non-uniform through the 
depth of the trench to achieve a constant longitudinal electric 
?eld. 

These “striped” geometry devices have good Rsp-BVds 
performance. HoWever, because they must be terminated on 
the surface of the silicon, area is consumed. In addition, the 
linear variation of the dielectric thickness results in diminish 
ing performance for breakdoWn voltages under 150 Volts. 
Accordingly, a need exists for a longitudinal semiconductor 
structure design that is self terminating and performs Well for 
breakdoWn voltages under 150 Volts. 

The present invention address the above mentioned prob 
lems, as Well as others, by providing a longitudinal semicon 
ductor structure design that is self terminating and performs 
Well for breakdoWn voltages under 150 Volts. A semiconduc 
tor device is presented that encompasses the construction of a 
medium or high-voltage device in a vertical orientation in 
Which the device drift region is depleted by action of MOS 
?eld plates formed in vertical trenches. The semiconductor 
drift region is designed to have a constant longitudinal elec 
tric ?eld and a constant rate of transverse ioniZation. To 
achieve this, the thickness of the dielectric betWeen the (cylin 
drical) drift region and the ?eld plate has an exponential 
variation With longitudinal direction. 

In a ?rst aspect, the invention provides a semiconductor 
structure, comprising: a substrate; a vertically oriented cylin 
drical drift region that resides above the substrate; an expo 
nentially tapered ?eld plate located about the cylindrical drift 
region; and a dielectric region located betWeen the cylindrical 
drift region and the exponentially tapered ?eld plate. 

In a second aspect, the invention provides a vertically ori 
ented self terminating discrete trench MOS device, compris 
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2 
ing: a cylindrical drift region that extend doWnWard from a 
surface region to a substrate; and a dielectric region that 
exponentially tapers outWard from the cylindrical drift region 
as the drift region approaches the substrate. 

In a third aspect, the invention provides a vertically ori 
ented semiconductor device, comprising, a cylindrical drift 
region that extends from a surface region to a substrate, 
Wherein the cylindrical drift region is depleted by action of a 
MOS ?eld plate located about the cylindrical drift region, 
Wherein the MOS ?eld plate is tapered outWardly from the 
cylindrical drift region as the drift region approaches the 
substrate. 

These and other features of this invention Will be more 
readily understood from the folloWing detailed description of 
the various aspects of the invention taken in conjunction With 
the accompanying draWings in Which: 

FIG. 1 depicts a cross-sectional vieW of a vertically ori 
ented device constructed in accordance With the present 
invention. 

FIG. 2 depicts a chart shoWing the analytic calculations of 
Rsp vs BVds for device construction of FIG. 1. 

FIG. 3 depicts a chart shoWing a comparison of the device 
construction of FIG. 1 With the prior art. 

FIG. 4 depicts a cross-sectional vieW of a vertically ori 
ented device using a conventional trench gate con?guration 
constructed in accordance With the present invention. 

FIG. 5 a cross-sectional vieW of a vertically oriented device 
having an alternative conventional trench gate con?guration 
constructed in accordance With the present invention. 

Referring noW to FIG. 1, a cross-section of a vertically 
oriented cylindrical semiconductor structure 10 in accor 
dance With the present invention is shoWn. The structure 
comprises a medium voltage (<150V) device that supports 
voltage by depletion from a “hom-shaped” metal ?eld plate 
structure 12 formed about the sideWall of a loW k dielectric 27 
Within a cylindrical mesa etched in a silicon Wafer. The device 
is a discrete trench MOS device that is self-terminated, thus 
eliminating the need for a termination area. 
As can be seen, the structure 10 is formed in a silicon Wafer 

and includes: a surface region 14 at the gate/source planar 
level; a cylindrical n+ drift region 18; a horn-shaped metal 
?eld plate structure 12 located about drift region 18; a loW k 
dielectric region 20 betWeen the metal ?eld plate structure 12 
and drift region 18; and an n+ substrate 11 (i.e., drain). A 
silicon mesa is thus essentially formed from the tapered 
dielectric region 20 and cylindrical n+ drift region 18 Within 
a silicon slice. The silicon mesa is thus the silicon cylinder 
formed by re?ection of drift region 18 around the Z-axis, the 
axis of symmetry. In this embodiment, a recessed polysilicon 
gate structure 16 is provided in the surface region 14 of the 
silicon Wafer. The n+ drift region 18 can be, e.g., a silicon 
substrate or an n-type epitaxial layer. The thickness of the 
dielectric region 20 betWeen the metal ?eld plate structure 12 
and the cylindrical silicon drift region 18 increases exponen 
tially through the thickness of the trench in the direction of A 
to B (forming a hom-shape structure). The metal ?eld plate 
structure 12 is shorted to the source (SN) 22 of the MOS for 
optimal sWitching characteristics. In this recessed-gate 
n-channel MOS device, the source 22, p-inversion (PI) 24 and 
recessed gate 16 are surrounded by gate oxide 25. This pro 
vides very loW total gate charge and loW Cdg (drain-to-gate 
capacitance, also knoWn as Miller Capacitance). 
The cylindrical silicon drift region 18 may for instance 

have a radius of 1-3 pm, and the loW-k dielectric region 20 
may have a maximum thickness of in the range of 1-2 pm, 
depending on application voltage and loW-k dielectric con 
stant. Silicon drift region radii of 0.5 to 5.0 pm have been 
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investigated, With drift lengths (trench depths) on the order of 
5-10 pm. The exponential tapering of the dielectric region 20 
is speci?ed to result in a uniform longitudinal electric ?eld 
(vertically or longitudinally in the direction of A to B shoWn 
in FIG. 1) of approximately 15-22V/um. The doping in the n+ 
drift region 18 is speci?ed by a desired constant total ioniZa 
tion integral in the transverse direction (i.e., the lateral direc 
tion). For a typical 150V device, a silicon mesa radius of 2.5 
pm results in a volume concentration of approximately 1 e17 
cm-3 and a maximum dielectric thickness of 2 pm (for silicon 

dioxide). 
Because the ideal dielectric thickness variation in the lon 

gitudinal direction has exponential dependence, the dielectric 
region 20 in structure 10 is designed With an exponential 
taper. In addition, a loW-k dielectric 27 is utiliZed to improve 
the Rsp (speci?c on-resistance) by reducing pitch, Which is 
particularly the case in cylindrical device designs. 

This device structure 10 reduces the achievable speci?c 
on-resistance for vertical trench MOS devices by at least a 
factor of tWo over deep-uv trench MOS device concepts, 
While using conventional i-line photolithography and process 
tools. The structure 10 can be fabricated With standard or 
(deep-uv) photolithography, With the optimum layout, dop 
ing, and dielectric thickness determined by the photolitho 
graphic node. The device performance is completely con 
trolled by a dielectric trench etch. 

Etching of cylindrical posts into a semiconductor substrate 
may be performed, for instance, With doping set by controlled 
epitaxy or a ?xed doping level. Trench (cylinder) etch is 
folloWed by the formation of depleting structures by deposi 
tion or shaping of the dielectric 27 and metal ?eld plate 
structure 12 along the sidewall of the trench. The dielectric 
layer 27 can be silicon dioxide or any loW-k dielectric. The 
longitudinal variation of the dielectric is exponential With 
distance (doWn) the trench sideWall. A recessed gate structure 
or conventional trench MOS gate can be used for channel 
formation of the vertical transistor. The substrate 11 can be 
n-type or p-type to construct DMOS or LIGBT structures. 
Opposite polarities may be used for pchannel device con 
struction. 
The relationship of the silicon cylinder radius, doping, and 

ideal exponential dielectric thickness variation can be 
expressed as 

Where tdl-e is the dielectric layer thickness as a function of 
longitudinal direction (Z), tsl. is the radius of the silicon mesa, 
t m is the gate oxide thickness (along the P type inversion 
“PI” region), E2 is the speci?ed value of longitudinal electric 
?eld, Nd is the doping of the silicon mesa, and edl-e is the 
dielectric constant of the dielectric material. Design of the 
device may proceed by de?ning the contribution of the lon 
gitudinal and transverse ioniZation integrals to the total (0.25 
and 0.75, respectively) and solving the above equation for the 
?eld plate design as a function of silicon cylinder radius. The 
use of the loW-k dielectric 27 greatly reduces the maximum 
thickness of the dielectric layer for a given BVds (in the above 
equation). 

The above equation can be further simpli?ed for design 
practice as 

Where Ld is the depth of the cylindrical mesa into the silicon, 
set by the desired EZ and BVds, and Rsp is the speci?c 
on-resistance. 
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4 
FIG. 2 shoWs some calculated BVds-Rsp results for 

medium voltage exponentially tapered dielectric devices, in 
Which Rsp (ohms mm2) is provided along the y axis and 
BVds (volts) is provided along the x axis. The top curve 26 
shoWs results for a radius tsi:0.25 um, and the bottom curve 
28 shoWs results for a tsi:2.0 pm, Where the loW k dielectric 
edie:1.6. Very competitive Rsp values of less than 0.01 ohm 
mm2 are achieved for devices using this design technique at 
a BVds of 100V. In addition, FIG. 2 shoWs the effect of 
process ground rules on Rsp Where it is demonstrated that 
very loW Rsp values can be obtained for both conventional 
(I-line) and aggressive (deep-uv) photolithographic rules. 
This is a key ?nding, in that loW-cost processing can provide 
device performance almost identical to that of much more 
expensive technology nodes. This shoWs that the exponential 
taper is desirable for voltages <150V, the exponential 
increase in thickness to force the constant longitudinal elec 
tric ?eld results in dramatic increase in Rsp above 150V 
(undesirable). 

FIG. 3 depicts a comparison With the design technique of 
the prior art using linear striping for the medium voltage 
breakdoWn range, in Which Rsp (ohms) is provided along the 
y axis and BVds (volts) is provided along the x axis. In this 
case, curve 30 depicts results for a linear taper of 2 pm total 
thickness, curve 32 depicts results for an exponential taper 
having a 4 um total Si thickness, curve 34 depicts results for 
an exponential taper having a 4 pm total thickness, and curve 
36 depicts results for an exponential taper having a 2 um total 
thickness. This shoWs that the cylindrical geometry With 
exponential taper has a loWer Rsp than a striped geometry 
With linear taper in this breakdoWn voltage regime for a 
recessed gate design. As noted, the cylindrical (horn-shaped) 
design has the additional bene?t of self-termination, i.e., no 
surface area of silicon is consumed to terminate the electric 
?eld lines, so a more cost effective solution is provided at the 
same BVds and technology node. 

Several embodiments of the cylindrical tapered dielectric 
design are possible, depending on the photolitho graphic tech 
nology node that is selected. If deep-uv photo is used, then 
improved performance may be obtained for structures that do 
not leave room for the recessed gate, and the gate is formed in 
conventional TrenchMOS techniques. FIGS. 4 and 5 shoW 
variations of FIG. 1. 

In FIG. 4, an embodiment of a tapered dielectric device 38 
using conventional trench gate formation on the sideWall of 
the PI region 42 is shoWn. As can be seen, the MOS gate 40 is 
formed on the exterior sideWall of the PI region 42. Typical 
silicon mesa radii are less than 1 um for this approach. 

In FIG. 5, a further embodiment of a tapered dielectric 
device using conventional trench gate formation on the side 
Wall of the PI region is shoWn. Typical silicon mesa radii are 
less than 1 pm for this approach. The PS gate 46 is split, and 
a transition to a metal ?eld plate 48 is shoWn, connected to the 
source in the third dimension. This loWers the Cdg of the 
structure of FIG. 4 due to the connection of the ?eld plate to 
the source electrode. 
The foregoing description of the invention has been pre 

sented for purposes of illustration and description. It is not 
intended to be exhaustive or to limit the invention to the 
precise form disclosed, and obviously, many modi?cations 
and variations are possible. Such modi?cations and variations 
that may be apparent to a person skilled in the art are intended 
to be included Within the scope of this invention as de?ned by 
the accompanying claims. 
The invention claimed is: 
1. A semiconductor structure, comprising: a substrate; a 

vertically oriented cylindrical drift region that resides above 
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the substrate; an exponentially tapered ?eld plate located 
about the cylindrical drift region; and a dielectric region 
located betWeen the cylindrical drift region and the exponen 
tially tapered ?eld plate. 

2. The semiconductor structure of claim 1, Wherein the 
substrate acts as a drain. 

3. The semiconductor structure of claim 1, further com 
prising a recessed gate structure on a surface of the semicon 
ductor structure. 

4. The semiconductor structure of claim 1, Wherein the 
exponentially tapered ?eld plate is coupled to a source on a 
surface of the semiconductor structure. 

5. The semiconductor structure of claim 1, Wherein the 
exponentially tapered ?eld plate increases in diameter as the 
?eld plate projects aWay from a surface of the semiconductor 
structure toWard the substrate. 

6. The semiconductor structure of claim 1, Wherein the 
exponentially tapered ?eld plate is tapered to result in a sub 
stantially uniform longitudinal electrical ?eld. 

7. The semiconductor structure of claim 1, Wherein the 
exponentially tapered ?eld plate is tapered to result in a sub 
stantially constant rate of transverse ionization. 

8. The semiconductor structure of claim 1, further com 
prising a poly silicon trench gate formed on a sideWall of a 
P-type inversion region proximate a surface of the semicon 
ductor structure. 

9. The semiconductor structure of claim 8, Wherein the 
poly silicon trench gate is split. 

10. A vertically oriented self terminating discrete trench 
metal oxide semiconductor device, comprising: a cylindrical 
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6 
drift region that extend doWnWard from a surface region to a 
substrate; and a dielectric region that exponentially tapers 
outWard from the cylindrical drift region as the drift region 
approaches the substrate. 

11. The MOS device of claim 10, Wherein the dielectric 
region is de?ned by a ?eld plate that exponentially tapers 
outWard from the cylindrical drift region as the drift region 
approaches the substrate. 

12. The MOS device of claim 11, Wherein the ?eld plate is 
coupled to a source on the surface region. 

13. The MOS device of claim 10, Wherein the substrate acts 
as a drain. 

14. The MOS device of claim 10, further comprising a gate 
structure recessed into the surface region. 

15. The MOS device of claim 10, further comprising a 
polysilicon trench gate formed on a sideWall of a P-type 
inversion region at the surface region. 

16. The MOS device of claim 15, Wherein the polysilicon 
trench gate is split. 

17. A vertically oriented semiconductor device, compris 
ing, a cylindrical drift region that extends from a surface 
region to a substrate, Wherein the cylindrical drift region is 
depleted by action of a metal oxide semiconductor (MOS) 
?eld plate located about the cylindrical drift region, and 
Wherein the MOS ?eld plate is exponentially tapered out 
Wardly from the cylindrical drift region as the drift region 
approaches the substrate. 


